dimensioned so as to be safe enough against the above-stated two kinds of lateral loads. But, the conventional design of the lateral bracing member is based on a simple beam theory and conducted independently of the design of the arch ribs. That is, the interaction between the arch ribs and the lateral bracing member is not considered at all. For example, the additional stress in the arch ribs due to these lateral loads is checked merely after the determination of all the cross-sectional dimensions. It may be reasonable, however, to design the arch ribs and the lateral bracing member under consideration of the spatial elasto-plastic large deflection behavior and the interaction between them.
The aim of this study is to clarify the spatial elasto-plastic characteristics and the ultimate load carrying capacity of twin arches subjected to the combined loads of vertical and horizontal ones in the above-stated aspects.
By using the numerical results for various model arches, simple formula to design the lateral bracing member and to estimate the ultimate strength of bridge arches under the lateral load are presented.
NUMERICAL MODELS AND COMPUTATION METHOD
Numerical models named D 6 X and D 12 X, which have the spans of 100 m and 150 m, and 6 and 12 pairs of bracing members of double Warren type respectively, are considered as standard models for estimating the ultimate lateral strength of bridge arches.
In order to maintain a possible generality of the obtained result for an application to actual bridge arches, the standard models are determined under consideration of the following items ( 1 ) The bridge arch treated is a two-hinged parabolic one that is composed of parallel twin ribs of prismatic box cross-section and connected each other with lateral bracing members of double Warren type in the central part of twin ribs. The bridge deck or the stiffening girder is not considered in the analysis. The cross sections of the rib and of the bracing member are divided into 48 and 24 crosssectional segments, respectively.
The axial force of the truss member is kept constant after it attains the maximum value, N.
This means that the truss member is considered to have no resistance against the additional force after the buckling.
The lateral load, q, is increased under the constant in-plane load, p, step by step until the infinite increase in the lateral deflection due to an instability occurs.
The ultimate lateral load, qu, is defined herein by the average value of the last two loads which are the ultimate equilibrium load and the divergence in the next load step. These modes show, in general, similar characteristics to what observed in the ultimate state of the twin arches subjected to only the vertical load treated in the other paper5). The axial force of the windward rib is smaller than that of the leeward rib in the unbraced region, and vice versa in the braced region.
This difference in the axial force between both rib may be caused by the cooperative lateral bending action of the both ribs against the lateral load.
The lateral bending moments of individual arch rib at the springings and the beginning parts of the braced region are large in relation to the large curvatures.
The lateral bending moment in the braced region is fairly small except that in the edge panels, because the braced region is mainly displaced. by a rigid body motion. The lateral bending moment decreases in the braced edge panel though it increases in the unbraced region.
That is, the gradient of the moment diagram is negative in the braced edge panel. This negative gradient of the lateral bending moment diagram in the edge panel bears much importance in studying the axial force of the bracing members.
The negative shear force due to this negative moment gradient induces an The method for predicting the stress as by using simple frame model is studied in the next.
PRACTICAL FORMULAE (1) Plane Frame Analysis of a Straightened Arch
Let us consider a laterally-loaded plane frame which is obtained by straightening the twin arches in the horizontal plane as shown in Fig. 10 . Since this frame is an indeterminate structure of high order, it may be cumbersome to solve it analytically except by a matrix computer analysis. But, it can be solved approximately by noting the lateral bending characteristics shown in Fig. 2 . That is, noting the fact that the lateral bending moment of the individual rib in the braced region abruptly decreases along the span length, the comparatively small bend- ing moment in the central part may be disregarded. After all, the lateral bending moments of individual rib can be determined approximately by solving the sub-system which consists of a portal frame and two end panels. Using the compatibility conditions upon the slopes at the points B and E, the unknown moments M3 and M5 can be determined and the frame can be easily solved. The slope of the point B2, for example, may be approximated by the sum of the slope due to shear deformation of the panel and the slope of the arch rib as a simple beam subjected to end moments M3 and M5.
After some calculations, the lateral bending moments of the individual rib can be obtained as follows : (4) in which Qi, is well approximated by the value of a simple beam theory as (6) The shear force of the individual rib, Qr, may be estimated as the derivative of the bending moment and approximated as follows : (7) in which Md denotes the total variation of the lateral bending moment through the i-th panel as shown in Fig. 12 and is positive for a negative moment gradient. The value Md in the edge panel
can be calculated by using the result of the prescribed plane frame analysis as (8) mated to be Md =0. Substituting Eqs. 6 through 10 into Eq. 5 gives the well approximated axial force of the bracing member.
It must be noted that Eqs. 5 through 10 include an iterative relationship, because the axial force from which the cross-sectional area of the bracing member should be determined cannot be computed without assuming the cross-sectional area.
The lateral bracing members can be designed, however, by applying the standard column strength curve, after determining the axial force Di by means of some trial and error method using together Eqs. 5 through 10.
Since the validity of the concept on which Eqs. 5 through 10 are based may not be affected by the type of lateral bracing systems, the equations may be applicable to other type of trussed bracings, for example, K-truss etc., after some modifications if necessary.
In a conventional design method, the shear force of the rib, Qr, is neglected according to the assumption that all the shear force in the panel should be sustained only by the lateral bracing member. Hence, the axial force of the bracing member in a conventional design is given by (11) A representative relationship between the lateral load and the axial force of the bracing member in the edge panel is shown in Fig. 13 . Fig. 13 14. That is, (12) The ultimate strength qe estimated by the proposed formula is compared with the value q3 computed by the elasto-plastic spatial analysis for various numerical models in Fig. 17 . The proposed formula gives fairly conservative predictions for the most of numerical models treated herein. On using this formula it must be checked that the stress an included in the stress a, is smaller than the value an at which the arch fails owing to a lateral instability without the lateral load q. The ultimate stress au of the arch subjected to only the in-plane uniform load can be obtained from the practical formula presented .in the next section. 
SUMMARY AND CONCLUSIONS
In this paper, practical formulae for the ultimate strength of steel arches have been presented on the basis of the numerical results obtained for model arches.
Though the numerical models are limited, these proposed formulae may be the basis for the future code studies.
The results of this study can be summarized as follows :
Modes of stress resultants and deflection show, in general, similar characteristics to what observed in the ultimate state of the twin arches subjected to only the vertical load treated in the previous paper.
(2) The lateral bending moments at the springings and the beginning parts of the braced region are considerably large in relation to the large curvature of the arch ribs due to lateral bending.
The torsional moment and the torsional angle of each rib is fairly small and their effects on the ultimate strength of twin arches with closed cross sections may be negligibly small.
The difference in the in-plane deflection mate strength of steel arches subjected to constant vertical load and horizontal uniform one may be given by a simple function of the maximum stress at the arch springings. The proposed formula can predict the lowest value of the ultimate strength of various numerical models very well, and may be applicable to the most of practical arches.
(13) An interaction formula for the ultimate strength of steel arches subjected to combined vertical and lateral load is also given taking advantage of the analogy between laterally-loaded arches and beam-columns.
The proposed interaction formula can predict conservatively the ultimate strength of various numerical models. Since this type of formula is familiar to structural engineers, this formula will be convenient for a practical design purpose.
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